A unique 1D structure of Co 3 O 4 nanoparticles encapsulated in carbon nanofibers has been fabricated by a facile, cost-effective and scalable electrospinning method followed by a two-step heat-treatment.
Introduction
Large-scale energy storage technologies play a crucial role in the integration of renewable clean energy which is important to address the increasing concerns in relation to depletion of fossil-based resources, global warming and environmental pollution. [1] [2] [3] Among the various available energy storage technologies, lithium ion batteries (LIBs) have conquered the energy storage market of portable electronics for decades, and are currently considered as the most promising technology for electric vehicle and large storage energy applications due to their advantages of high energy density, long cycling life, and environmental benignity. 4, 5 Despite the widespread use of LIBs, the rising cost of lithium resources and their geographical limitation create a barrier for their applications in the largescale storage eld. 6, 7 As sodium is a naturally abundant alkali element widely distributed around the world, sodium ion batteries (SIBs) seem to be an appealing choice as a low cost alternative to LIBs, especially for large-scale energy storage applications. 8 However, it remains a great challenge to develop suitable electrode materials for SIBs as Na ions are much larger than Li ions. During the past few years, much progress has been made in the Na-storage cathode eld, varieties of Na storage materials have been reported to demonstrate certain Na-storage capacity and cycling performances, such as layered transition metal oxides, phosphates, Prussian blue analogues, organic cathodes and so on. [9] [10] [11] [12] [13] [14] In the case of anode materials, transitional metal oxides (TMOs) are considered to be promising anode materials for sodium ion batteries due to their resource abundance, low cost and high theoretical capacity (1005, 889, 718, 674 and 661 mA h g À1 for Fe 2 O 3 , Co 3 O 4 , NiO, CuO and ZnO, respectively).
Nevertheless, transitional metal oxides usually suffer from serious volume expansion during cycling. In addition, the poor conductivity of TMOs lead to inferior capacity utilization, poor cycling stability and poor rate capability. Recent researches show that the electrochemical performance of TMOs electrode strongly depend on the structure and pore size of the particles. [15] [16] [17] As a result, great efforts have been devoted to design specic structures, such as hollow spheres, core-shell structure, nanotubes and so on.
18-23 Lu et al. synthesized micronanostructured CuO/C spheres by aerosol spray pyrolysis, delivering a capacity of 402 mA h g À1 aer 600 cycles at a current density of 200 mA g À1 . 21 Another effective strategy is to incorporate various conductive matrix to the nanostructured TMOs, thus improving the electronic conductivity as well as relieving the volume expansion during repeated cycling. 
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One dimensional nanostructures such as nanotubes, nanowires, nanorods and nanobers are considered as ideal structure for Na-storage due to their uniform structure which possess high electronic and ionic conductivities as well as strong tolerance to resist structural pulverization, leading to great enhancement of the electrochemical performances. In a typical process, 0.6 g CoAc was added into 10 mL DMF and stirred for a few minutes to dissolve. Aer that, 1 g PAN was slowly added into the above solution and stirred continuously at 80 C for 6 h to yield a homogeneous solution. The prepared homogeneous solution was then loaded into a plastic syringes (10 mL) with a needle of 20 G and then placed on a commercial electrospinning setup (Ucalery, Beijing). The collector to the needle distance was kept constant at 15 cm to collect a light-pink lm on an aluminium foil wrapped around a drum collector rotating at a speed of 0.6 m min À1 . A positive high-voltage power of 12 kV was applied to the needle tip, and a negative high-voltage power of 3 kV was applied to the collecting drum. The ow rate of uid was set to be 0.8 mL h À1 .
The humidity level inside the electrospinning chamber was 40%, and the temperature was around 30 C. The as-spun
CoAc-PAN nanobers composite lm was rst stabilized at 280 C for 90 min in air. Then the as-stabilized lm was carbonized at 650 C for 1 h in argon atmosphere. Finally, the carbonized lm was oxidized at 300 C for 30 min. The heating rate was set to be 3 C min À1 . Other different amount of CoAc was added to the precursor solution respectively to determine the optimized carbon content of the composite, and the obtained composites were labelled as 
Synthesis of carbon nanobers
Pure carbon nanobers (denoted as CNFs) were synthesized by electrospinning 10 wt% PAN solution without adding CoAc. The electrospinning process and heat-treatment condition were the same with those of Co 3 O 4 @C nanobers composite.
Characterization
The crystal structure of the composites was characterized by Xray diffraction system (XRD-7000S) equipped with Cu Ka radiation between 10 and 80 . The morphological features were examined with a eld-emission scanning electron microscope (FE-SEM, JEOL-7600F). Particle morphology of the synthesized composites was observed with transmission electron microscopy (TEM, JEOL-2100). X-Ray photoelectron spectroscopy (XPS, AXIS-ULTRA DLD-600W) was employed to evaluate the surface chemistry of materials. Thermogravimetric analysis (TGA) was conducted (TGA/DSC, Netzsch-STA 449F5) in air over a temperature range of 30-800 C at a heating rate of 10 C min À1 . The surface area was determined by nitrogen adsorption/desorption using the Brunauer-Emmett-Teller method (BET, Micromeritics Tristar 2000). The sample was degassed under nitrogen gas at 180 C for a whole night prior to BET measurements.
Electrochemical measurements
All the electrochemical studies were conducted using CR2025 coin cells. The anodes were prepared by mixing the active materials (Co 3 O 4 @CNFs, Co 3 O 4 NFs, CNFs), the conductive additives (super P) and the binder (carboxymethyl cellulose) in a mass ratio of 80 : 10 : 10. The mixture was prepared as slurry and spread onto copper foil. The electrode was dried under vacuum at 120 C for a whole night to remove the solvent before pressing. Then the electrodes were cut into disks (11 mm in diameters) to be used as the working electrodes, sodium metal foil as a counter electrode, and a glass microporous ber lter (Whatman, cat. no. 1825-047) as a separator, 1 M NaClO 4 in propylene carbonate (PC) with 2% FEC (uoroethylene carbonate) additive as the electrolyte. Assembled cells were allowed to soak overnight. The cyclic voltammetry (CV) tests were performed between 0.01 V and 3.0 V at a scan rate of 0.1 mV s À1 on an electrochemical workstation (CHI660c), and the galvanostatic discharge-charge cycling of the cells was carried out at different current densities between potentials of 0.01 V and 3.0 V on a battery tester (LAND 2001 CT) at room temperature. Electrochemical impedance spectroscopy (EIS) was carried out by applying an AC voltage of 5 mV in the frequency range of 100 kHz to 0.1 Hz on an electrochemical workstation (CHI660c). Fig. 1(a) . All the diffraction peaks in Fig. 1(a) can be assigned to (111), (220), (311), (222), (400), (311), (422), (511) (Fig. 1(c) ) conrms the existence of Co, O, C and N. Fig. 1(d) displays the high resolution spectrum of Co. There are two binding energy peaks located at 795.6 eV and 780.2 eV corresponding to the electronic states of Co 2p 1/2 and Co 2p 3/2 respectively with a spin-energy separation of 15.4 eV, which is the characteristic of the Co 3 O 4 phase.
Results and discussions
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The morphology of the as prepared Co 3 O 4 @CNFs and Co 3 O 4 NFs were characterized by FESEM. As shown in Fig. 2(a and b) , the as prepared Co 3 O 4 @CNFs composite emerges as smooth nanobers with uniformly distributed diameters ranging from 150-350 nm. In contrast, the Co 3 O 4 NFs shows much rougher surface with the aggregation of the Co 3 O 4 nanoparticles (Fig. 2(c  and d) ). The microstructure of Co 3 O 4 @CNFs composite was further examined by TEM. Fig. 2(e) displays the microstructure of a single Co 3 O 4 @C nanober. As can be seen from the Fig. 2(e) , the Co 3 O 4 nanoparticles are uniformly embedded in the carbon nanober matrix. The high-resolution TEM image reveals the lattice fringes with an interplanar spacing of 0.21 nm, corresponding to the (222) plane of Co 3 O 4 nanoparticles, which are well consistent with the XRD results.
Cyclic voltammograms (CVs) of the electrodes were measured at a scan rate of 0.1 mV s À1 in the potential range of 0.01-3.0 V (vs. Na + /Na) at room temperature. Fig. 3 (a) displays the CV curves of the rst three cycles for Co 3 O 4 @CNFs. In the rst cycle, there is a sharp cathodic peak at $0.40 V, which can be ascribed to the electrochemical reduction (sodiation) reaction of Co 3 O 4 with Na to metallic Co, the formation of Na 2 O and a partially irreversible solid electrolyte interphase (SEI) layer. In the anodic scan, the anodic peak at around 0.87 V and 1.25 V is ascribed to the oxidation (desodiation) reaction of Co 3 O 4 . The formation of Co and Na 2 O and the reformation of Co 3 O 4 can be described by the following electrochemical conversion reaction. 23 In the subsequent cycles, the cathodic peak shis to 0.70 V. The peaks intensity and the integral areas of the next cycle is very close to those of the second cycle. These results show that the electrochemical reversibility of the Co 3 O 4 @CNFs is gradually improved aer the rst cycle. The CV curves of the Co 3 O 4 NFs (Fig. S5 †) are very similar to those of Co 3 O 4 @CNFs, except for a little shi of the peak location, suggesting the similar reaction mechanism as below.
To evaluate the electrochemical performance of the Co 3 -O 4 @CNFs composite for SIBs applications, the galvanostatic charge and discharge measurements of the assembled cells were performed at the current density of 50 mA g À1 in the voltage range of 0.01-3.0 V (versus Na + /Na). As shown in Fig. 3(b) , in accordance with the CV curves, the Co 3 O 4 @CNFs demonstrate a charge/discharge plateau at about 0.75 V in the rst cycle, which gradually disappears in the subsequent cycles. The initial discharge and charge capacities are 768.4 mA h g Aer 50 cycles, the composite carbonized at 650 C presents the highest discharge specic capacity of 314.3 mA h g À1 , demonstrating the best cycling performances. Fig. 4(a) (Fig. 4(b) ). The reversible capacity of Co 3 O 4 @CNFs is 394.8 mA h g À1 at the current density of 50 mA g À1 for 10 cycles. When the current density was increased to 100, 200, 500, 1000 and 2000 mA g À1 , the corresponding capacity values are 343, 305.5, 278.1, 258.5 and 225.1 mA h g À1 , respectively. Moreover, the reversible capacity of 342.3 mA h g À1 can still be retained when the current density was returned to 50 mA g À1 . Besides, the coulombic efficiency quickly increases to over 96% aer the initial few cycles and remains stable in the subsequent cycles. This excellent rate capability can be ascribed to the improved electrical conductivity rendered by the carbon nanober framework, which is more convenient for electron transport. Moreover, the unique 1D nanober is favourable for the Na + insertion/ extraction, leading to fast interfacial charge transfer and Na + diffusion in the composite materials. In addition to the high rate capability, the Co 3 O 4 @CNFs also exhibit superior long cycling performances. Fig. 4(c) shows the nanoparticles uniformly distributed in the carbon nanober frameworks. The 1D carbon nanober can not only increase the electronic and ionic conductivity of the composite electrodes, but also serve as a buffering matrix to accommodate the volume change and protect the composite electrode from pulverization during the repeated Na + insertion/extraction, enabling Co 3 O 4 @CNFs to be promising anode materials for SIBs. Furthermore, the nanostructure design and synthesis described in this work may provide new insights for development of better host materials for practical energy storage applications.
